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Summary
A variety of empirical and computational fluid dynamics
(CFD) two-dimensional (2-D) dynamic stall models were
compared to recently obtained three-dimensional (3-D)
dynamic stall data in a workshop on modeling of 3-D
dynamic stall of an unswept, rectangular wing of aspect
ratio 10. Dynamic stall test data both below and above the
static stall angle of attack were supplied to the partici-
pants, along with a "blind" case where only the test
conditions were supplied in advance, with results being
compared to experimental data at the workshop itself.
Detailed graphical comparisons are presented in the
report, which also includes discussion of the methods and
the results. The primary conclusion of the workshop was
that the 3-D effects of dynamic stall on the oscillating
wing studied in the workshop can be reasonably repro-
duced by existing semi-empirical models once 2-D
dynamic stall data have been obtained. The participants
also emphasized the need for improved quantification of
2-D dynamic stall.
Introduction
Dynamic-stall-induced pitching moments have limited the
fatigue life of critical helicopter rotor components, and
quantification of these loads has been a major factor in
rotor-loads analysis. In the past, rotor-loads analysis has
been primarily based on 2-D empirical dynamic-stall
models, due to limitations on theory and computation of
3-D effects. However, improvements in modeling of rotor
wakes have resulted in semi-empirical modeling tech-
niques which address 3-D effects. In addition, advances in
full Navier-Stokes equation modeling of unsteady 3-D
flows have introduced the possibility of accurate calcula-
tion of this unsteady 3-D flow field, at least for dynamic
stall of 3-D wings oscillating in pitch. Significant
progress has been made in both modeling and measure-
ment of 2-D dynamic stall on airfoils oscillating in angle
of attack (refs. 1 and 2). Recent efforts at modeling 3-D
effects have also shown some success, but the various
researchers have often applied their models to different
test cases; there has been little direct comparison between
models. The availability of a recent set of experimental
results for a 3-D dynamic stall study (ref. 3) offered a
unique opportunity to see how well 2-D models can
reproduce 3-D characteristics, as well as to obtain a
quantitative comparison between the various models.
The U.S. Army Aeroflightdynamics Directorate (AFDD)
therefore decided to host a workshop with invitations sent
to the U.S. aerospace industry, academia, and government
laboratories as well as to members of the European
aerospace community. The participants were each
supplied with test data for use in calibration and verifi-
cation of their codes, and then were asked to calculate the
loads for a set of conditions for which only nominal test
conditions were supplied. The calculated results of each
participant were then compared with the experimental
data as well as with corresponding results from the other
participants of the workshop. It was intended that such a
workshop would lead to better understanding of the
fundamentals of the dynamic stall phenomenon, and
that the workshop would suggest directions for future
research. In all, there were ten participants, of which
seven contributed results for comparison to experiment.
The AFDD International Dynamic Stall Workshop was
held June 9-12, 1992, at the U.S. Army Aeroflight-
dynamics Directorate.
The authors would like to thank William Bousman,
Francis Caradonna, William McCroskey, and Joon Lira
for their assistance and valuable advice, and Myung Rhee
for his assistance in preparing the graphics for this report.
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S. Srinivasan, Sterling Software
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Description of the Oscillating Wing Test
Used as Reference
A review of dynamic stall literature shows there have
been many 2-D dynamic stall experiments performed,
covering a wide range of test conditions. However, with
the exception of Lorber et al. (ref. 4), relatively little data
is available that quantitatively documents the influence of
3-D flow, especially at high Reynolds number. Therefore,
a special experiment was designed to produce 2-D and
3-D dynamic stall data using a simple wing planform. The
test was performed on a 3-D rectangular semi-span wing
with a NACA 0015 airfoil section. The test was per-
formed in a 7- by 10-ft wind tunnel at Mach number of
0.3; no wall corrections were applied. Carefully con-
trolled experiments were performed to isolate various
aspects of the dynamic stall process.
The test focused on documentation of 2-D and 3-D
dynamic stall in a nonrotating environment. Sufficient
data were obtained to permit quantitative comparison
between the experimental results and the various semi-
empirical dynamic stall models that have been developed
by industry, government, and university researchers;
results from recent CFD techniques which directly
compute the 3-D dynamic stall process were included in
this comparison. Emphasis was placed on stall onset since
it is one of the most difficult aspects of dynamic stall to
accurately predict. Tests were performed over a wide
range of mean angles of attack, varying from 4 to
17 degrees; oscillation amplitude was fixed at +_.2,+4, or
+5 degrees. 2-D data were obtained through the use of an
end-plate; 3-D data were then obtained using a square and
a rounded wing-tip cap. One hundred instantaneous
pressure transducers were distributed over the wing, with
half concentrated at the tip, and half allocated to five
additional span locations; the locations are shown in
figure 1. For a detailed description of this experiment, as
well as a comprehensive presentation and discussion of
the test results, see reference 3.
Test Data Used in the 3-D Dynamic Stall
Workshop
The test data used during the AFDD International
Dynamic Stall Workshop are a small subset of the
oscillating wing experimental data set described above.
The subset supplied to the participants included cases
with mean angles of attack of 11, 13, 15, and 17 degrees,
each for reduced frequencies of 0.04, 0.1, and 0.14, at an
oscillation amplitude of +4 degrees, and Mach number of
0.3. The experimental data for the 11-, 13-, and 17-degree
cases were distributed to the workshop participants
several months before the commencement of the
workshop. As noted above, it was decided to make the
15-degree data a "blind" test set for which experimental
data would not be provided ahead of time in order to see
how well the different analytical models would fare in the
absence of actual experimental test data.
Each experimental data point resulted in integrated
instantaneous aerodynamic loads at seven spanwise sta-
tions: 25.0, 47.5, 80.0, 90.0, 96.6, 98.6, and 99.5 percent
of span. The data at each spanwise location included
instantaneous values of lift, drag, and pitching moment
integrated from instantaneous pressure distributions at
256 equally spaced time-intervals through the oscillation
cycle. As noted above, experimental data were supplied
to the participants for three mean angles, at each of three
different oscillation frequencies. Angle-of-attack history
and reduced frequency were the only information given
concerning the blind case (the full data set is presented
here for reference). Figures 2-11 present aerodynamic
loads through the oscillation cycle for all the conditions
studied in the workshop as described below. The work-
shop participants' predictions will be presented later in
this report.
Figures 2--4 (ll-degree mean angle)- The lift and
pitching-moment data for ct = 11° + 4 ° sin cot, k = 0.04,
are presented for 25 and 47.5 percent span locations in
figure 2(a), for 80 and 90 percent span in figure 2(b), for
96.6 and 98.6 percent in figure 2(c), and for 99.5 percent
span in figure 2(d). The drag coefficient through the
oscillation cycle for the four stations where drag was
measured is presented in figure 2(e) (note that all plots
are scaled uniformly so that results obtained at various
spanwise stations and/or test conditions can be directly
compared). Based on the lift and pitching-moment
behavior seen in figure 2(a), it is clear that for this angle
of attack history, stall has been delayed beyond the static
stall angle. Note the pitching-moment data; there is no
negative spike in this data, even though pitching-moment
stall is the first evidence that even light dynamic stall has
occurred. Figures 3 and 4 present the results for k = 0.10
and 0.14; again, no stall is observed in the experimental
data.
Figures 5-7 (13-degree mean angle)- Dynamic stall has
occurred for the ct = 13 ° + 4° sin 00t, k = 0.04 case, as can
be seen in figure 5. The sections of the wing which are far
from the tip (fig. 5(a), 25 and 47.5 percent span) show
clear evidence of lift loss as well as the appearance of an
abrupt negative pitching-moment excursion that is asso-
ciated with dynamic stall. However, the conditions nearer
the wing tip are clearly different; figure 5(b) shows that
neither the 80 nor 90 percent span station has experienced
any stall. This is also true for 96.6, 98.6, and 99.5 percent
span (figs. 5(c) and 5(d)). The drag data for 47.5 percent
span(fig.5(e))showthedragrisetypicalofdynamic
stall;nostallappearsat96.6or98.6percent,butaclear
impactofthetipvortexisseenat99.6percentspan.
Thelift losshasbeenpartiallysuppressedatk =0.I0,as
canbeseenin figure6(a).Notethathereisstillavestige
ofunsteadyseparationatboth25and47.5percentspan,
asevidencedbytheslightdropinpitchingmomentatthe
topof thecycle.Theflowovertheouterportionofthe
wingisfullyattached,ascanbeseeninfigures6(b)-6(d);
thedragcurveat47.5percentspanshowsonlyasmall
perturbationfromfullyattachedflow(fig.6(e)).
Theflowconditionsfork =0.14areessentiallythoseofa
fullyattachedwingflow,ascanbeseeninfigure7.It is
noteworthythemaximumangleofattackattainedatthis
testconditionisabovethestaticstallangleforthisairfoil,
yetnostallhasoccurreduringthistestcondition,dueto
theeffectsofhighreducedfrequency.
Figures 8-10 (15-degree mean angle)- Dynamic stall
has clearly occurred at _ = 15° + 4° sin tot, k = 0.04. This
case, the first of the blind conditions, is presented in
figure 8. The lift and pitching-moment curves for the
inboard spanwise stations show the abrupt loss of lift,
and the "figure eight on its side" pitching-moment curves
that are typical of dynamic stall (fig. 8(a)). It is interesting
that this dynamic stall behavior is completely absent at
80 percent span--3-D effects clearly have modified the
flow at the stations near the tip (figs. 8(b)-8(d)). Again,
the drag coefficient shows the dynamic stall type pattern
at 47.5 percent span, but not at any other spanwise station
(fig. 8(e)).
The k = 0.10 data show the influence that increase in
frequency has on the dynamic stall process (fig. 9(a),
25 and 47.5 percent span). The loss in lift is delayed to
the maximum angle of attack; the corresponding drop in
pitching moment also occurs at this maximum co. The
flow remains attached at 80 percent span and at all other
stations out to the tip of the wing (figs. 9(b)-9(e)). The
instantaneous drag at 47.5 percent span is the only data
that shows the impact of dynamic stall for this condition
(fig. 9(e)).
The effect of frequency is even more pronounced at
k -- 0.14, as can be seen in figure 10. Here, away from
the wing tip, dynamic stall continues to occur, but the
lift remains high even as the wing has pitched past the
maximum angle and is moving to lower angle of attack
(fig. 10(a)). This effect is also seen in the pitching
moment, where the area inside the pitching-moment loop
has increased dramatically, thus changing the aerody-
namic damping magnitude, a parameter of major impor-
tance to rotor loads and stability. The flow nearer the tip
of the wing remains unstalled throughout the cycle, as can
be seen in figures 10(b)-10(e); again, only the results at
47.5 percent span show any evidence of stall (fig. 10(e)).
Figures 11-13 (17-degree mean angle)- Airfoil stall
occurs early in the oscillation cycle for t_ = 17° + 4°
sin tot, k = 0.04, as can be seen in figure 1 l(a). For the
first time, stall effects are evident at 80 percent span; even
90 percent span shows the presence of some separation
(fig. 11 (b)). The flow at 96.5, 98.6, and 99.6 percent
remains attached (figs. 11 (c)-I l(e)). It is interesting to
note that the pitching moment at 25 and 47.5 percent
span show a gradual drop well before any loss in lift is
observed. This is a characteristic associated with the
movement of the dynamic stall vortex: while the dynamic
stall vortex is on the airfoil, the lift remains high. How-
ever, the pitching moment progressively grows more
negative as the dynamic stall vortex moves down the
airfoil. When the dynamic stall vortex leaves the airfoil,
the lift is abruptly lost, and the pitching moment gradually
returns to zero. This pattern is observed throughout the
ot = 17° mean-angle data.
At k = 0.10, dynamic stall has again been delayed to near
the maximum angle of attack for 25 and 47.5 percent
span (fig. 12(a)); this is shown both in the lift and in the
pitching-moment coefficient behavior. No data are
presented for lift at 80 percent span, due to a malfunction
in data acquisition; however, the pitching-moment results
show that some dynamic stall effects are still present at
this spanwise location. No stall effects are observed in the
lift or pitching-moment results at 96.6 or 98.6 percent
span (fig. 12(c)), although there is a gradual decrease in
pitching moment as the angle of attack increases. This
decrease is more significant at 99.5 percent span
(fig. 12(d)). The drag results show a gradual increase
in drag associated with the onset of separation at
47.5 percent span (fig. 12(e)). Note that no separation
effects are present at 96.6 or 98.6 percent span.
Figure 13 presents the highest mean-angle, highest
frequency case supplied as part of the workshop. At this
condition, the inboard stations on the wing experience
strong stall effects, as can be seen in figure 13(a). It is
again interesting to note that the pitching-moment results
show a gradual decrease, while the lift results do not
show any decrease until Otmax is reached. At 80 and
90 percent span (fig. 13(b)) little lift is lost, and the
pitching-moment results show little change. The flow
very near the tip (figs. 13(c)-13(d)) shows that this
region of the wing has little flow separation as well. In
figure 13(e), only the drag at 47.5 percent span shows any
evidence of separation.
Dynamic Stall Models and Calculations
The participants at the AFDD International Dynamic Stall
Workshop brought a wide range of dynamic stall air-load
prediction techniques to the meeting. The methods can be
separated into those that model the flow based on knowl-
edge of the 2-D experimental dynamic stall data (the
empirical or semi-empirical models) and those that
compute the airfoil characteristics based on direct
representation of the fluid flow behavior (the Navier-
Stokes calculation techniques). In the discussion that
follows, those techniques that use information from
2-D dynamic or static stall experiments are classified as
dynamic stall "models," and those that compute the load
based on actual calculation of the flow will be classified
as dynamic stall "calculations."
There were five dynamic stall models represented at the
workshop, identified for the purpose of the workshop as
2GCHAS, BEDDOES, JOHNSON, LEISHMAN, and
ONERA. Two dynamic stall calculation techniques were
presented: GATECH and SRINI. Each of the various
techniques is briefly described below. These descriptions
are intended only as general introductions to the methods;
the reader is directed to the related references for
additional details about each method.
2GCHAS- The 2GCHAS stall model (ref. 5) is a semi-
empirical method that determines the aerodynamic
response of the wing through the use of indicial response
functions. The theory of the model used in 2GCHAS was
developed by Leishman (derived from the original
"Leishman/Beddoes" model of ref. 6). The indicial
functions are time-dependent responses to a step change
in angle of attack and are idealized into noncirculatory
and circulatory parts. These response functions are
written in terms of aerodynamic time (distance traveled in
half chords) and Mach number. In addition, the circula-
tory component contains the PrandtI-Glauert compressi-
bility correction. The coefficients of the exponential
series are scaled with Mach number and are considered
independent of airfoil shape. These coefficients have been
determined through the inverse process of obtaining
indicial response functions from the unsteady airloads of
various airfoils in the frequency domain (ref. 5).
BEDDOES- This model is a semi-empirical method
employing an indicia1 method by which a generalized
response function developed from 2-D experimental
dynamic stall results is used to represent the 3-D aero-
dynamic loading due to forcing functions. The 3-D effects
of the time-varying trailed vorticity is incorporated by
including a "near wake" model. For details of the indicial
method adapted for rotor dynamic airloads, refer to
references 7 and 8.
JOHNSON- Two models are considered in this
technique. The "Boeing" model is a semi-empirical
method that models both dynamic stall and radial flow
effects. The lift, pitching-moment, and drag coefficients
are calculated using static airfoil data obtained experi-
mentally for the necessary angle of attack and Mach
number range. These results are then modified using
dynamic stall corrections obtained from oscillating airfoil
tests, which are applied as corrections for angle of attack
due to pitch rate (see ref. 9 for details). The "MIT Stall
Method" is a semi-empirical method that bases its
calculation of dynamic loading on experimental data, as
detailed in reference 10. A dynamic stall angle is deter-
mined from experiments for a given airfoil, and the
maximum lift and pitching moment due to dynamic stall
overshoot is empirically calculated from experimental
data. At the instant of stall, the loading is a function of
pitch rate, chord length, and 2-D velocity.
LEISHMAN- The Leishman-Sikorsky model is similar
to the stall model in 2GCHAS except for the addition of
3-D indicial functions for the induced velocity field to
account for the unsteady trailed wake effects. In addition,
the model also uses a 3-D aerodynamic center offset
function which is determined from experimental data for
finite wings combined with lifting surface theory. This
model was recently developed by Leishman under
contract from Sikorsky Aircraft and is considered
proprietary information; hence, a written reference is not
available at this time. However, information about the
general concept used in this approach can be found in
references 11-13.
ONERA- The ONERA model was developed from
classical potential theory, with linear aerodynamics used
for the calculation of downwash and aerodynamic forces.
Extensions were made to include unsteadiness and
nonlinear effects. It uses 2-D experimental results as a
starting point for computing the loss of induced velocity
due to stall. An extension to the 3-D case is made by
assuming that the loss of induced velocity in the 3-D case
is the same as the loss of induced velocity in the 2-D case.
For details, refer to reference 14.
GATECH- The Georgia Institute of Technology
Sankar/Hixon computations are performed using an
unsteady, 3-D, noniterative Alternating Direction Implicit
(ADI) Navier-Stokes solver. The Navier-Stokes equations
are solved in the unsteady 3-D environment using an
implicit/explicit hybrid scheme. In addition, a generalized
minimal residual (GEMRES) method is used to lessen the
computational time (ref. 15).
SRINI- The Srinivasan model uses an implicit Navier-
Stokes numerical solution method. A modified version of
the TURNS code which is capable of calculating the
aerodynamicandacousticflowfieldintherotor
environmentisused.ThealgebraicmodelofBaldwin-
Lomaxisusedastheturbulencemodel.Fordetails,refer
toreferences16and17.
It shouldbementionedthatthoseparticipantswho
employedNavier-Stokesmethodswereofferedtheoption
of"de-scoping"thetaskbyattemptingfewercases
becauseofthehighcomputationalcostsinvolvedinuse
ofthesecodes.However,theseparticipantswereaskedto
runtheblindcaseasaminimumsetofresults.
Discussion of Results
As mentioned above, many of the participants submitted
results for virtually all of the supplied data cases, with the
exception that the dynamic stall calculators limited
themselves to the mid-frequency blind case. Since this
resulted in a massive set of data, it was necessary to
restrict the comparison set to be used as the topic for
discussion during the workshop. Therefore, analysis and
discussion during the workshop focused primarily on this
single test condition:
ct = 15° + 4° sin cot
k=0.10
Mach number = 0.30
Spanwise stations 1, 2, 3, 4, and 6 (25.0, 47.5,
80.0, 90.0, and 98.6 percent of span)
The same approach is used in the present discussion:
detailed comparison of the results for the various methods
are restricted to the primary blind test condition noted
above. Comparative data will also be presented for
stations 5 and 7 (not available at the time of the workshop.
discussion) in order to fully map the performance of these
methods at the benchmark condition. Note that these
graphs are scaled such that the data fully fill the graphical
image, thus allowing detailed comparison of the various
methods with the experimental data. The reader is
therefore cautioned to verify the vertical scales of the
graphs before comparing results at differing spanwise
stations. As noted earlier, the experimental data were
plotted to a single scale in figures 2-13 so that direct
comparisons between stations can be performed on a
common reference basis.
Station 1 (25 percent span)- Figure 14(a) shows the
result of both modeling and calculation of the lift
coefficient at the 25 percent span location, for the blind
case, cc = 15°+ 4 ° sin _, k = 0.10. As can be seen in
this figure, the dynamic stall modelers and calculators
reproduce the experimental behavior with varying levels
of success. On the upstroke, the lift curve slope is
captured accurately by BEDDOES and LEISHMAN,
while 2GCHAS, JOHNSON, and ONERA present a
higher slope than the experiment. The calculations by
SRINI predict a lift value well above that of the experi-
ment, and do not show the lift loss at the top of the cycle
that is observed in the experiment. The calculations by
GATECH capture the character of the flow at low angle,
but predict full airfoil stall, whereas the experiment shows
only a lift loss at the top of the cycle.
The representation of the lift behavior after maximum
angle is less quantitative; however, it should be noted that
the various models capture the essential characteristics of
the lift hysteresis and reproduce the critical aspects of the
lift history. The post-stall predictions by the two Navier-
Stokes equation calculations miss significantly, and
predict that the wing would either stall at 16 degrees
(GATECH) or experience no stall at all (SRINI). It is
appropriate at this point to address the apparent error on
the part of the results computed through use of the
Navier-Stokes equations. As noted earlier, the dynamic-
stall modelers used 2-D experimental data as input to
their techniques; therefore, the models were calibrated
using the experimental data obtained for the airfoil under
study, including information about the stall behavior of
the airfoil. In contrast, the dynamic stall calculators were
determining the airfoil performance directly, and the
results demonstrate the difficulty that exists in quanti-
tatively predicting the 2-D dynamic stall behavior of
airfoils, as compared to the modeling of this behavior.
When the results are viewed with this in mind, it is more
understandable that the Navier-Stokes equation compu-
tations are less able to exactly represent the stall behavior
of the inboard, essentially 2-D sections of the wing. On
the other hand, as will be seen later, the Navier-Stokes
calculations do capture the significant 3-D effects that
appear very near the tip of the wing, an area where the
dynamic stall modeling techniques are significantly less
accurate.
The drag coefficient plots (fig. 14(b)) show the same
trend as seen in the lift results. The curves produced by
the modelers show a rise in drag in the range of maximum
angle, while showing only the occurrence of light stall on
the downstroke. In comparison, the two Navier-Stokes
equation computations show either full separation or no
separation at all. Note that no experimental data are
shown in this figure. Drag data were not measured at this
spanwise location; however, since many of the partici-
pants were able to model or compute drag, those results
have been included in this report in order to place these
data on record.
The pitching-moment coefficient results for Station 1 are
presented in Figure 14(c). The maximum negative
pitchingmomentcombinedwiththedurationoflarge
negativemomentsdefinethepitchlinkloadsexperienced
bythehelicopter.Ascanbeseeninfigure14(c),the
dynamicstallmodelersepresentthisregionwithvarying
levelsofsuccess.Oncemore,mostmodelerscomeclose
totheexperimentalresults,whiletheNavier-Stokes
equationcomputationspredicteitherfullyseparatedor
fullyattachedflow.
Station2(47.5percentspan)-Figure15(a)presentshe
comparisonforlift forthemidspanlocation.Ascanbe
seen,themodelersepresenttheupstrokewithreasonable
accuracy,butarelessconsistenti quantitativecompari-
sontoexperimentonthedownstroke.However,these
methodsstillcapturetheprimarycharacteristicsof the
experimental data. Here, the GATECH calculations
predict complete airfoil stall, whereas the experiment still
shows essentially attached flow, but with a measurable
loss of lift at the top of the cycle; the SRINI calculations
capture this lift loss.
Figure 15(b) presents the corresponding drag comparison;
the models again reproduce the experimental data with
varying degrees of success; the Navier-Stokes solutions
again either predict early stall or no stall at all.
Figure 15(c) shows similar behavior of the pitching-
moment comparisons.
Station 3 (80 percent span)- Figure 16(a), the
comparison of lift results at 80% span location, shows
significant variation among the various results. In
particular, the experiment shows no lift loss at maximum
angle of attack, while both models and calculations (with
the exception of BEDDOES and ONERA) show a
relatively large hysteresis in the lift curves. However,
both BEDDOES and ONERA significantly overpredict
the lift curve slope, and the maximum value of the lift
coefficient. Drag is presented in figure 16(b); note that no
drag values were measured at this spanwise location. The
results for pitching moment, figure 16(c), show a rela-
tively wide range of results. None of the methods
quantitatively captured the character of the pitching-
moment history, although several do show the figure-
eight loop seen in the experimental data, although with
varying degrees of accuracy.
Station 4 (90 percent span)- The various results for lift
at this location are shown in figure 17(a). As can be seen,
there are significant quantitative differences between the
various results and between the results and the experi-
mental data. Drag is again presented (fig. 17(b)) without
experimental results, since no drag data were obtained
at this spanwise location. The pitching-moment results
(fig. 17(c)) show that most of the participants captured the
character of the pitching moment; in particular, they
reproduced the fact that the pitching moment has only one
loop in the hysteresis pattern (the two exceptions being
2GCHAS and GATECH).
Station 5 (96.6 percent span)- At station 5, all the
participants were able to capture the lift coefficient
behavior, which showed very little lift loss throughout the
cycle of oscillation (fig. 18(a)). However, reproduction of
the drag results is less uniform. In particular, LEISHMAN
and ON-ERA predict a lower value for drag, as well as a
lower slope for drag variation with angle of attack, than
observed in the experiment (fig. 18(b)). However, the
reader is cautioned to note the expanded scale of this plot.
The pitching-moment results, presented in figure 18(c),
show that none of the modelers capture the decrease in
pitching moment as angle of attack increases; this pattern
was only captured by the GATECH Navier-Stokes
calculations; again note the expanded scale of the graph.
Station 6 (98.6 percent span)- This spanwise location,
near the tip of the oscillating wing, shows essentially
benign aerodynamic effects. The lift (fig. 19(a)) shows
effectively no loss in lift throughout the cycle. The
various modelers capture this behavior, as well as the
hysteresis in lift that appears in the experimental results.
The computation by GATECH shows a stronger
hysteresis loop and predicts a higher net lift value.
The results for drag (fig. 19(b)) show that some of the
models do quite well in representing the pressure drag in
this region of the flow (note that the experiment only
measured pressure drag; viscous drag was not deter-
mined). Again, the results of computation by GATECH is
somewhat higher than the experimental data, while the
ON'ERA and LEISHMAN model results are below the
experimental curve. However, overall, the results are
essentially representative of the experimental results.
The pitching moment (fig. 19(c)) shows significant
differences. Here, the only technique to capture the
character of the experiment is the Navier-Stokes calcu-
lation of GATECH; all of the models miss the change in
pitching moment that appeared with increase in angle of
attack. This result clearly shows the influence of the tip
(most likely the tip vortex) on the flow, a fact that could
only be captured by a technique that calculates the flow
directly. However, it should be emphasized that the
magnitude of the pitching moment is small at this
spanwise location.
Station 7 (99.5 percent span)- This location, virtually at
the tip of the oscillating wing, shows that the modelers do
not accurately capture the strong three-dimensionality of
the flow at this location (fig. 20(a)). Indeed, only the
GATECH calculations come close to reproducing the
character of the lift at this station. The results for drag are
shown in figure 20(b); again, the GATECH calculations
are the only results which quantitatively capture the
behavior of the experimental results. This same trend can
be seen in the pitching-moment results, shown in figure
20(c). It should be emphasized that the flow in this region
is dominated by the tip vortex, and such behavior can
only be captured by Navier-Stokes calculations. It is
worth noting that Navier-Stokes calculations are not a
panacea--the SRINI results, also a Navier-Stokes
calculation, do not fully capture this tip effect. These
Navier-Stokes calculations were some of the first 3-D
dynamic stall calculations performed using the Navier-
Stokes equations, and show the difficulty associated with
quantification of this very complex flow field.
Summary of Technical Discussions
A major purpose of the workshop was to bring together
various experts on modeling and calculation of dynamic
stall to permit detailed discussion of the result of com-
paring the output of these techniques to experimental
data. The result of these discussions is summarized
below:
Use of 2-D Experimental Data
The consensus was that semi-empirical models captured
the essential 3-D aspects of 3-D dynamic stall experi-
mental data while using 2-D airfoil data as input. It was
concluded that the interaction of the unsteady wake with
the local flow was modifying the dynamic stall environ-
ment by change of the effective angle of attack locally
rather than by change of the dynamic stall physics. Thus,
2-D dynamic stall experiments will continue to form a
critical part of the foundation for 3-D semi-empirical
modeling of dynamic stall. In fact, the group concluded
that major emphasis on 2-D dynamic stall prediction
by Navier-Stokes calculation was more critical than
calculation of 3-D effects using such calculation
techniques.
Information Needed from 2-D Experimental Data
The consensus was that the critical missing information
is in the area of 2-D dynamic stall behavior. In particular,
it was recommended that quantification of Reynolds
number and Mach number effects on stall onset in steady
and unsteady flow regimes should be given more empha-
sis. The group concluded that once the 2-D dynamic stall
data are available, the 3-D dynamic loads can be repre-
sented with sufficient accuracy using modeling tech-
niques. However, at the present time, these 2-D data can
only be obtained from experiment. Quantitative stall
calculation, both static and dynamic, remains a critical
unsolved obstacle to effective dynamic stall load
prediction.
Calculation
Again, the consensus was to place emphasis on 2-D
dynamic stall behavior. There is a need for more accurate
predictions of stall type. The ability to predict steady stall
behavior (e.g., leading- or trailing-edge stall, progression
of separation point as the angle of attack is increased, and
Mach number effects on stall development) is critical to
any plan to use calculation to replace experiment. Also,
the ability to accurately determine the effect of unsteadi-
ness on the stall type is of significant importance. The
effect of unsteadiness on the position of the separation
point during pitching motion of the airfoil would be of
value to modelers, for instance, since the models depend
on this information to prescribe the behavior of the airfoil
during the stall process.
Semi-Empirical Modeling versus Calculation of
Dynamic Stall
There were two groups of participants at the meeting--
those who modeled the flow and those who calculated the
flow. Discussion by the various members of the workshop
group led to the conclusion that the targets of each of
these groups are different, but complementary. For
example, the models are directed toward simulation of
aerodynamic effects, while Navier-Stokes solution
representations are actually trying to compute the aero-
dynamic effects directly. Ultimately, calculation may be
able to supply modelers with sufficiently accurate results
that the modelers will not always be required to resort to
experimental data to obtain the inputs for their
techniques.
Future Challenges
The workshop comparisons were for an unswept,
untapered wing at one Mach number. Semi-empirical
models will require new data bases for representation of
sweep, Mach number, Reynolds number, airfoil shape,
mean angle, oscillation angle, etc.--each of which will
require significant new experimental effort to acquire. It
is possible that these effects may ultimately be calculated
using Navier-Stokes equation solvers, with the results
then used to calibrate the semi-empirical models that will
continue to be used by helicopter designers. However,
until these methods reach a high level of consistency and
accuracy, they will not be routinely used in design.
Concluding Remarks
TheAFDD International Dynamic Stall Workshop
provided an excellent opportunity to assess the state of
the art in dynamic stall modeling and calculation, and
resulted in a unique "snapshot" of this field of endeavor.
The various dynamic stall models did a reasonable job of
reproducing the dynamic stall events that were observed
experimentally. The dynamic stall calculations based on
solution of the Navier-Stokes equations were not quanti-
tatively correct, but offered the best representation of the
3-D effects that are present near the tip of the oscillating
wing, and offer the possibility of reducing the dependence
on experiment that presently is required for semi-
empirical modeling of dynamic stall effects.
A significant result of the workshop is the discovery that
semi-empirical models based on 2-D experimental results,
combined with representation of the 3-D unsteady wake
of the wing, did quite well in estimating the 3-D dynamic
stall behavior observed in the experiment. This suggests
that the presence of the wing tip and its associated vortex
primarily resulted in changes in local angle of attack
rather than changes in the physics of the dynamic stall
process.
The workshop participants agreed that (1) the most
critical need is to obtain better ways to determine 2-D
dynamic stall information about airfoils of interest, and
(2) the 3-D effects of the wing tip can be reasonably
represented by inclusion of unsteady wake effects on the
local angle of attack, at least for unswept, untwisted
wings similar to those used for the benchmark
experimental data set of this workshop.
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